To compare tetrathiomolybdate and trientine in treating patients with the neurologic presentation of Wilson disease for the frequency of neurologic worsening, adverse effects, and degree of neurologic recovery.
W ILSON DISEASE IS AN autosomal recessive disease of a toxic reaction to copper, primarily affecting the brain and liver. [1] [2] [3] [4] [5] The disease is due to mutations in the ATP7B gene, [6] [7] [8] which produces a protein required for biliary excretion of the body's excess copper.
Three anticopper drugs are currently approved for Wilson disease. Penicillamine, a copper chelator that causes excretion of copper in the urine, 9 is effective in Wilson disease but has a long list of adverse effects. 10 Trientine hydrochloride is also a copper chelator that enhances urinary excretion of copper, is better tolerated than penicillamine, 11 and has not been evaluated in patients presenting with neurologic symptoms. Zinc, approved for maintenance therapy, induces intestinal cell metallothionein, which binds copper from food and endogenous secretions, preventing its transfer to blood, [12] [13] [14] thus producing a block of intestinal absorption of copper.
Treatment of patients initially seen with neurologic symptoms from Wilson disease has been problematic. Using a retrospective survey, we found that 50% of pa-tients presenting with neurologic symptoms treated with penicillamine had neurologic deterioration, and 77% of these were in the first weeks of therapy. 15 The likely mechanism is that during mobilization of large stores of copper in the liver, blood copper levels are elevated, causing a further elevation of copper levels in the brain. The outcome for patients who deteriorated was often very bad in that half of them never recovered to their prepenicil- lamine baseline and many were seriously disabled. Thus, we believe that penicillamine is contraindicated for the initial treatment of the patient with neurologic symptoms from Wilson disease. We admit that this view is not universally accepted, and some writers question the data of Brewer et al 15 and still recommend penicillamine for treating these patients. We simply point out that no one has formally and prospectively studied the risk from penicillamine-induced neurologic deterioration, and until they do, the best risk estimate is the data in Brewer et al. 15 Zinc therapy is not the answer because it takes 4 to 6 months to control the toxic effects of copper. During this prolonged period of ongoing copper toxicity, the disease may progress on its own. Indeed, this occurred in 1 of 3 patients presenting with neurologic disease who we treated with zinc as the sole therapy.
To fill this need, we have developed a new drug, tetrathiomolybdate (TM), [16] [17] [18] [19] which acts by forming a tripartite complex with copper and protein. Given with food, TM binds food copper and endogenously secreted copper with food proteins and prevents absorption of the complexed copper. Given without food, TM is absorbed into the blood and there complexes available copper with albumin, making the copper unavailable for cellular uptake. In a 55patient, open-label trial of TM therapy in patients presenting with neurologic symptoms, only 2, or 3.6%, showed neurologic deterioration reaching our criteria. 19 To evaluate the safety and efficacy of new treatments for Wilson disease in patients presenting with neurologic symptoms, we carried out a double-blind trial comparing TM and trientine, and the results are reported herein.
METHODS
The patients were diagnosed as having Wilson disease by means of standard criteria previously published. Selected diagnostic data are presented in Table 1 . In addition to the underlying diagnosis of Wilson disease, all patients were diagnosed as having symptoms of a movement disorder attributable to Wilson disease. If patients had received treatment for longer than 28 days with penicillamine or trientine, they were excluded. Most patients were newly diagnosed, but a few were accepted who had been receiving long-term treatment with penicillamine, stopped their therapy more than 1 year prior to consideration, and then developed new neurologic symptoms. Pretreatment history is given in Table 1 . The institutional review board of the University of Michigan Medical School, Ann Arbor, reviewed and approved the project.
Each patient was admitted for 8 weeks in the General Clinical Research Center of the University of Michigan Hospital, Ann Arbor. After initial studies to confirm the diagnosis, obtain informed consent, and establish baseline neurologic and speech function, patients were randomized to 1 of 2 treatment arms using a table of random numbers. In arm 1, patients received TM in doses of 20 mg 3 times daily with meals and 20 mg 3 times daily between meals. In arm 2, patients received 500 mg of trientine hydrochloride 2 times daily between meals. Tetrathiomolybdate and trientine were placed in identical-appearing capsules. Matching placebo capsules were used so that all patients received the same number of doses at the same time. All patients received 50 mg of zinc 2 times daily.
Criteria for adverse effects included anemia (a replicable hemoglobin value Ͻ 80% of baseline), leukopenia (a replicable white blood cell count Ͻ 80% of baseline), and transaminase elevations consisting of a replicable quadrupling of baseline values of either aspartate aminotransferase or alanine aminotransferase. In the event of anemia or leukopenia, a drug holiday was given until recovery, then the drug treatment was restarted at half levels. A subsequent drop of 20% of the blood value involved resulted in discontinuation of the drug treatment. A quadrupling of transaminase values resulted in discontinuation of the drug regimen.
During the 8-week hospital admission, a quantitative neurologic test and a quantitative speech test were carried out at weekly intervals. These methods have been previously published and are standardized for and previously evaluated in Wilson disease. 19 The neurologists and speech pathologist were blinded. A replicable increase of 5 points (scale, 0-38) on the quantitative neurologic examination or a replicable increase of 3 points (scale, 0-7) on the speech examination was taken as evidence of significant neurologic deterioration. The patients were discharged from the hospital taking a regimen of zinc maintenance therapy and then returned for annual visits for 3 years, with repeat studies of the neurologic and speech examinations. During the 8-week admission, assays of safety variables were carried out. These included complete blood cell counts; liver function tests; blood levels of amylase, lipase, creatinine, urea nitrogen, uric acid, and iron variables; and urine protein levels, all carried out by standard techniques in use at the University of Michigan Health System hematologic and biochemistry laboratories. Blood ceruloplasmin was also assayed in these laboratories.
Urine was collected for copper measurements in acid-washed, trace element-free containers, and urine and serum copper levelsweremeasuredbyatomicabsorption.Nonceruloplasminplasma copper (sometimes called "free" copper) levels were determined by subtracting 3 µg for every 1 mg/dL of ceruloplasmin from the serum copper, expressed as microgram per deciliter.
RESULTS
The average neurologic scores for the patients who did not deteriorate in the TM arm during the 8-week admission and the individual weekly scores for the single patient who reached criteria for neurologic deterioration are presented in Table 2 . The average neurologic scores for the patients who did not deteriorate in the trientine arm during the 8-week admission are also presented in Table 2 . Five patients reached criteria for neurologic deterioration during the 8 weeks, and a sixth (patient 260) was reported by his family to have deteriorated significantly shortly after discharge to his home in Venezuela. On readmission 9.5 months after his initial hospital admission, he was found to have reached criteria for worsening in spite of evidence of good compliance with maintenance therapy. The individual weekly scores for these 6 patients are presented at the bottom of Table 2 . A careful review of plasma copper, urine copper, and nonceruloplasmin plasma copper levels found very similar results in the patients who deteriorated compared with those who did not deteriorate (data not shown).
Neurologic deterioration in 6 of 23 patients in the trientine arm compared with 1 of the 25 patients in the TM arm was statistically significant (PϽ.05). The baseline neurologic scores of all 48 patients averaged about 8.4 and was not significantly different between the 2 arms. The mean baseline neurologic scores of the patients who worsened was 9.5, not significantly different than the whole sample.
The average speech scores for the patients who did not deteriorate neurologically in the TM arm during the 8-week admission are presented in Table 3 , along with individual weekly scores for the 1 patient who deteriorated neurologically. The average speech scores for the patients who did not deteriorate neurologically in the trientine arm during the 8-week admission are also pre- sented in Table 3 , along with individual weekly scores for the 6 patients who deteriorated neurologically. No patient in either arm reached criteria for speech deterioration, although 5 of the 7 patients who deteriorated neurologically showed some worsening in speech score. Baseline speech scores of the patients who did not deteriorate neurologically averaged 3.32, and the baseline speech scores of the 7 patients who deteriorated neurologically averaged 4.64 and were significantly higher (PϽ.04). This suggests that a high baseline speech score is predictive of neurologic deterioration during treatment. In fact, none of 25 patients with a baseline speech score of 3.5 or less deteriorated, while 7 of 24 patients with baseline scores of 4.0 or higher deteriorated.
Long-term neurologic recovery was quite good in those patients who returned for follow-up. During a 3-year period, patients initially treated with TM recovered an average of 81% of their neurologic function and patients treated with trientine, 51% (Figure) . The lower value for the trientine arm at 3 years is probably a sampling artifact from the particular patients who returned at 3 years because at 2 years, TM-and trientine-treated patients were equivalent at about 60%. Recovery of speech function also occurred (Figure) but not to the same degree as neurologic recovery on a percentage basis.
During the 8 weeks of drug therapy, 3 patients in the TM arm and 1 patient in the trientine arm reached criteria for anemia and/or leukopenia, while 4 patients in the TM arm and zero patients in the trientine arm reached criteria for transaminase elevations ( Table 4 ). A careful review of copper and molybdenum data on the patients receiving TM found very similar results for the plasma copper, urine copper, nonceruloplasmin plasma copper, and urine molybdenum levels in the patients showing adverse effects compared with those who did not. However, the plasma molybdenum level was significantly higher during the first 2 weeks of therapy in those who showed adverse effects. This difference is un-explained but may be related to the TM-produced adverse effects. There were no negative effects on other safety variables with either drug.
Two patients in the TM arm died during follow-up ( Table 5 ). One of these was the patient who had neurologic deterioration (patient 251). However, he died of leukemia presumably unrelated to Wilson disease or its therapy. Four patients in the trientine arm died during follow-up ( Table 5 ). Three of these (patients 233, 260, and 287) were patients who deteriorated neurologically while receiving trientine therapy.
Values for 24-hour urine copper and nonceruloplasmin plasma copper initially, at 7 to 8 weeks, and at 1 year are given in Table 6 . The 7-to 8-week value for urine copper for trientine-treated patients reflects the effect of the drug on urinary copper excretion. Urine copper values at 1 year show that the urine copper has come under good control (while the normal value is Յ50 µg, values lower than 125 µg are viewed as under good control). 13 The normal value for nonceruloplasmin plasma copper is about 10 ug/dL, so the values at 1 year show good control.
Results of liver function tests initially, at 7 to 8 weeks, and at 1 year are presented in Table 7 . The serum albumin value was lower than normal in 10 of 25 patients in the TM arm initially, and this had declined to 6 of 18 at 1 year. For the trientine arm, the serum albumin value was lower than normal in 9 of 23 patients initially and declined to 3 of 14 at 1 year. Mean aspartate aminotransferase and alanine aminotransferase levels tended to decline over 1 year. At 1 year, aspartate aminotransferase values were higher than normal (35 U/L is the upper limit of normal) in 5 of 18 patients in the TM arm and in 6 of 14 patients in the trientine arm. At 1 year, alanine aminotransferase values were higher than normal (45 U/L is the upper limit of normal) in 10 of 18 patients in the TM arm and in 10 of 14 patients in the trientine arm. Continued mild elevations of these enzymes are quite common in patients with Wilson disease receiving maintenance therapy. Regarding total bilirubin level, 9 of 25 patients in the TM arm showed values higher than normal (1.1 mg/dL), initially, and this was reduced to 3 of 22 at 1 year. In the trientine arm, 7 of 23 patients showed values higher than normal initially, and this was reduced to none of 19 at 1 year.
COMMENT
In this study, trientine, used as initial therapy for patients with neurologic symptoms of Wilson disease, showed a 26% risk (6 of 23 patients) of being associated with neurologic deterioration. Tetrathiomolybdate showed a 4.0% risk (1 of 25 patients) of being associated with neurologic deterioration, almost exactly the same risk seen in our open study of TM (3.6% [2/55]). The difference in risk between trientine and TM in the current study is statistically significant (PϽ.05).
Long-term neurologic recovery overall was very good (Figure) . Speech recovery was fair and did not differ between the 2 arms. Trientine was well tolerated. Only 1 patient developed anemia/leukopenia. Tetrathiomolybdate showed a frequency of about 12% of anemia and/or leukopenia (3 of 25 patients) and about 16% of transaminase elevations (4 of 25 patients). These problems were easily handled by dose reduction and/or drug holiday. The frequency of these problems with the 120-mg dose of TM given for 8 weeks has led to a new trial of 120 mg of TM for 2 weeks followed by 60 mg for 14 weeks, which is currently ongoing.
This study suggests that neurologic deterioration during initial treatment with trientine is a grave prognostic sign. Of the 6 patients treated with trientine who deteriorated, 3 died. Of the other 17 patients who did not deteriorate, only 1 died. Two of the 3 patients treated with trientine who deteriorated but did not die ended up with severe, permanent neurologic impairment. One of these ended up much worse than his baseline, and one ended up about the same as baseline. One patient treated with trientine who had neurologic deterioration ended up doing well, but this patient is the only 1 of 6 patients treated with trientine who deteriorated initially and did well in the end.
These data indicate that TM, given together with zinc, is the preferred treatment over penicillamine and trientine for the neurologic presentation of Wilson disease. A direct comparison of TM and zinc has not been done and could be considered. It has been our view that zinc is too slow acting and the disease may progress during the first 6 months of zinc therapy, and indeed, this happened in 1 of 3 patients we treated with zinc 
